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Abstract
We have measured the inclusive semileptonic branching fractions of D 0 , D + , and D + s mesons. For these measurements, we have used the full CLEO-c open-charm data samples, 818 pb −1 at E CM = 3.774 GeV, giving D 0D0 and D + D − events, and 602 pb −1 at E CM = 4.170 GeV, giving D * ± s D ∓ s events. We obtain B(D 0 → Xe + ν e ) = (6.46 ± 0.09 ± 0.11)%, B(D + → Xe + ν e ) = (16.13 ± 0.10 ± 0.29)%, and B(D + s → Xe + ν e ) = (6.52 ± 0.39 ± 0.15)%, where the first uncertainties are statistical and the second are systematic. From these and lifetimes obtained elsewhere, we obtain the ratios of semileptonic decay widths Γ(D + → Xe + ν e )/Γ(D 0 → Xe + ν e ) = 0.985 ± 0.015 ± 0.024 and Γ(D + s → Xe + ν e )/Γ(D 0 → Xe + ν e ) = 0.828 ± 0.051 ± 0.025. The ratio of D + and D 0 is consistent with the isospin symmetry prediction of unity, but the ratio of D + s and D 0 is three standard deviations from unity.
I. INTRODUCTION
Semileptonic decays of mesons, due to their simplicity, provide an excellent laboratory to measure Standard Model (SM) parameters such as the Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] and to test theoretical models. As part of the CLEO-c analyses of exclusive [3] [4] [5] [6] [7] [8] [9] and inclusive semileptonic decays [10] , this article presents results from the complete CLEO-c data sets on inclusive semileptonic decays of the D 0 , D + , and D + s mesons. These inclusive measurements are not only important in their own right but they can also help to improve the understanding of the semileptonic decays of B mesons due to their similarity. Using these measurements and the known lifetimes we also present results on the ratios of the widths of Γ(D + → Xe + ν e )/Γ(D 0 → Xe + ν e ), which is expected to be 1 due to isospin symmetry, and Γ(D + s → Xe + ν e )/Γ(D 0 → Xe + ν e ), which is not expected to be unity [11, 12] . Two sets of open-charm data samples are used to study the semileptonic decays of charm and charmed-strange mesons. In e + e − collisions provided by the Cornell Electron Storage Ring (CESR), the CLEO-c detector has collected integrated luminosities of 818 pb −1 at the center-of-mass energy E CM = 3.774 GeV near the peak of the ψ(3770) resonance which decays to DD pairs, and 602 pb 
II. THE CLEO-c DETECTOR
The CLEO-c detector [13] [14] [15] [16] is a general-purpose solenoidal detector equipped with four concentric components: a six-layer vertex drift chamber, a 47-layer main drift chamber, a Ring-Imaging Cherenkov (RICH) detector, and a cesium iodide electromagnetic calorimeter. The detector provides acceptance of 93% of the full 4π solid angle for both charged particles and photons. The main drift chamber provides specific-ionization (dE/dx) measurements that discriminate between charged pions and kaons. The RICH detector covers approximately 80% of 4π and provides additional separation of pions and kaons at high momentum (≥ 700 MeV). Electron identification is based on a likelihood variable that combines the information from the RICH detector, dE/dx, and the ratio of electromagnetic shower energy to track momentum (E/p). A geant-based [17] Monte Carlo (MC) simulation is used to study efficiencies of signal and background events. Physics events are generated by evtgen [18] , tuned with improved knowledge of charm decays [19] [20] [21] [22] , and final-state radiation (FSR) is modeled by photos [23] .
III. EVENT SELECTION
Charm or charmed-strange mesons are always produced in pairs in our open-charm data samples. Since the data are taken just above threshold, the mesons are produced in a very clean environment with no additional particles except, in the case of the D s D * s , a photon or a neutral pion from the D * s decay. The analysis proceeds by first defining a single tag (ST) sample, in which one of the D (or D s ) mesons in a DD (or D s D * s ) event is reconstructed in a chosen hadronic decay mode, and a further double tag (DT) subsample in which an additional recoiling electron (or positron) is required as a signature of the signal semileptonic decay. Absolute semileptonic branching fractions for charm or charmed-strange mesons can then be obtained from the fraction of the ST sample that is DT, without requiring any knowledge of the integrated luminosity or how many mesons are produced.
A. Tag Selection
To minimize the combinatorial backgrounds and systematic uncertainties, three very clean tag modes composed of only charged particles are used: [19] . This loose window allows both primary and secondary (from D * −
D s tags to be selected. We veto tag candidates with track momenta below 100 MeV to reduce the background from DD * decays (through D * → πD). The ∆E and ∆M distributions obtained from data are shown in Fig. 1 . To estimate the backgrounds from the wrong tag combinations, we use the sidebands of the ∆E distribution or the tag mass difference ∆M = M (D s ) − m Ds distribution, where m Ds is the nominal mass [19] of the D s meson. We define the signal and sideband regions in Table I . We fit the distributions to a sum of a double-Gaussian function (for signal) and a second order Chebyshev polynomial function (for background) to determine the tag sideband scaling factor s tag , which is the ratio of areas in the signal and sideband regions described by the background polynomial function. Obtained ST yields and tag sideband scaling factors are listed in Table II .
B. Signal Selection
We form a DT candidate in a ST sample by adding a recoiling charged track which is consistent with coming from the nominal interaction point. We require the momentum of the track to be p ≥ 200 MeV and the angle with respect to the beam to be | cos θ| < 0.80 so that all charged-particle identification (PID) information (dE/dx, RICH, and E/p) is available. The signal track in the DT candidate is also required to be identified as an electron, a charged pion, or a charged kaon, for further analysis as discussed in the next section. 
Tag ∆E and ∆M distributions in data (histograms) with fits (solid curves) and background contributions (dashed lines).
IV. ANALYSIS
The D (or D s ) semileptonic inclusive spectrum (or differential decay rate) can be expressed as
where n D is the number of D mesons produced, n is the number of primary electrons in bins of momentum p, n ST is the number of ST, y is the electron candidate yield in bins of momentum, and SL is the electron detection efficiency. The D semileptonic branching fraction can be obtained by integrating the differential spectrum and correcting for the 200 ST is the yield in the tag sideband region, s tag is the tag sideband scaling factor obtained from a fit to tag ∆E (or ∆M ) distribution, and n ST is the scaled sideband subtracted ST yield. MeV momentum cutoff by extrapolating the spectrum below the cutoff. If we had a perfect MC modeling of the semileptonic decays, a simple momentum bin-by-bin correction factor could be used for SL . Instead, we use a more general unfolding [24] approach to minimize MC model dependence. The observed lab momentum spectrum y(b, i track ) of a particle identified as type b (= e, π, or K) in bins of measured track momentum bin i track can be modeled as a folded distribution. It is related to the true lab momentum n(a, j) via detector-response matrices that account for resolution and efficiency:
where a (= e, µ, π, or K) is the true particle species index, n(a, j) is the true lab momentum spectrum in bins of true lab momentum bin index j of a particle type a, A track (i track |a, j) is the tracking efficiency matrix, which describes the probability of a particle of type a with momentum in bin j to be reconstructed in track momentum bin i track , and A PID (b|a, i track ) is the PID efficiency matrix, which describes the probability of a particle of type a with measured momentum in bin i track to be identified as PID type b. We unfold [24] Eq. (2) to obtain the true momentum spectrum
where the A −1 's are the unfolded inverses of each efficiency matrix. Because we are interested in the primary electron lab momentum spectrum (to obtain the branching fraction) we use the electron solution after PID unfolding (a = e).
In addition to finite resolution and efficiency, modeled by detector response matrices, we have to consider possible backgrounds in our observed spectrum. We remove combinatorial wrong-tag background contribution by ∆E (or ∆M ) sideband subtraction. Charge symmetric non-primary true electron backgrounds (from γ-conversion and π 0 Dalitz decay) are subtracted by using the wrong-sign (WS, opposite to the expected primary electron charge) electron sample. In the following subsections, we break the analysis described above into discrete steps.
A. PID Yield
From a set of signal candidate tracks, we measure the PID yield y(b, i) in bins of PID type b, track momentum bin i track , ∆E (or ∆M ) signal and sideband regions i SB , and right-sign (RS) or wrong-sign (WS) bin i RW depending on the charge of the track and the flavor of the tag, where i is a collective index for (i track , i SB , i RW ). The charge of the daughter kaon defines the flavor of theD 0 → K + π − tag, and the charge of the tag defines
The RS track is defined to be the track with the same charge as the taggedD 0 daughter kaon or to be the opposite charge of the charged tags, and the WS track is defined the other way around. The matrix describes the probability of a particle of type a to be identified as a PID type b. We measured the PID matrix in momentum intervals of 50 MeV above the PID momentum cutoff 200 MeV. The cases with a = b, conventionally called the fake rate or mis-PID probability, are shown in points with statistical uncertainties. The cases with a = b, conventionally called the efficiency, are shown as solid lines. The discontinuities at momentum 700 MeV in fake rates and efficiencies are due to the fact that the RICH information is used for pion and kaon identifications only above 700 MeV.
B. PID Unfolding
We correct for PID efficiency and mis-PID crossfeed backgrounds using
where i is a collective index for (i track , i SB , i RW ). The PID matrix A PID (b|a) used in the unfolding is shown in Fig. 2 . PID matrix elements associated with the charged pion are obtained from K 0 S → π + π − events, the charged kaon elements are obtained from
events, and the electron elements are obtained from radiative Bhabha events (e + e − γ) embedded in hadronic events. Here we treat muons as pions because muons in the momentum range in which we are interested behave almost the same as charged pions in the CLEO-c detector. The effect of this approximation is negligible on our branching fraction measurement because the probability of pions (and muons) to be misidentified as electrons is very small, as shown in Fig. 2 . After solving the PID problem, we take the electron solution (a = e) for further analysis.
C. Tag Sideband Subtraction
To remove the wrong-tag combinatorial background, we perform ∆E (or ∆M ) sideband subtractions after PID unfolding. After this process, we deal with real electrons from D (or D s ) meson decay.
D. Wrong-Sign Electron Subtraction
Charge symmetric secondary electrons are removed by subtracting the WS (secondary) electron yield from the RS (primary plus secondary) electron yield. After this process, we end up with primary electrons from D (or D s ) meson decay.
E. Tracking Efficiency, A track
We obtain the tracking efficiency matrix A track (i track |j) from MC simulation,. This includes track finding efficiency and resolution effects. 
where DT is the DT efficiency, ST is the ST efficiency against generic decays in the recoiling system, ST is the ST efficiency when the recoiling system is the signal semileptonic decays, e is the signal electron detection efficiency given the tag in the other side is found, and b tag is a measure of tag bias in the efficiency. We expect this effect to be small due to chosen clean tag modes and low event multiplicity. We estimate tag biases in MC simulation: 
G. DCSD Correction
Due to the doubly Cabibbo-suppressed (DCS) decay and quantum correlation [25, 26] in coherent D 0D0 production at the ψ(3770) resonance energy, we need a correction for the observed semileptonic branching fraction using theD 0 → K − π + tag mode. The observed branching fraction B obs requires a correction [25, 26] 
Here
is the ratio of the DCS decay (DCSD) rate to the Cabibbo-favored (CF) rate, R WS
is the ratio of the time-integrated DCS decay rate to the CF rate. Using the world average [19] values of these we need a correction factor ( (Table II) for each tag mode. PID unfolded (Sec. IV B) electron yields (a = e) are shown in the second group. Tag sideband subtracted (Sec. IV C) electron yields are shown in the third group, followed by the wrongsign subtracted yield (Sec. IV D), tracking efficiency corrected yield (Sec. IV E), and remaining tag bias (Sec. IV F) or DCSD (Sec. IV G) corrected yield. [29, 30] , and B(τ + → e + ν eντ ) [19] .
Tag mode
B trunc (e + X) (%) B(e + X) (%) B(Xe + ν e ) (%)
5.958 ± 0.084 6.460 ± 0.091 6.460 ± 0.091
14.863 ± 0.092 16.147 ± 0.100 16.129 ± 0.100 ± 0.000
.002 ± 0.361 7.525 ± 0.387 6.522 ± 0.387 ± 0.079
V. RESULTS
The final electron candidate yields are summarized in Table III and efficiency-corrected lab momentum spectra are shown in Fig. 3 . Also shown in Fig. 3 are the spectrum extrapolations below the PID momentum cutoff (200 MeV). The curves shown are obtained with a fit using the sum of measurements of exclusive channels together with form-factor models and adding higher-resonance and non-resonant channels to match the sum of the exclusive channels with our measured branching fraction. [28] scaled by the SM decay rate ratio [19] 
67. We take the uncertainty in the τ → e correction as a part of our systematic uncertainty. Branching fraction results are summarized in Table IV with all above-mentioned efficiency and cutoff corrections.
The laboratory frame electron momentum spectra shown in Fig. 3 are given in tabular form in Table V .
VI. SYSTEMATIC UNCERTAINTY
Possible sources of systematic uncertainty and the effects on the branching fraction measurements are summarized in Table VI. The ST yields are obtained from a tag (∆E or ∆M ) sideband subtraction method. Due to the chosen clean tag modes, there is very little combinatorial background under the signal peak, as shown in Fig. 1 . Systematic uncertainties in the numbers of tags are studied by using alternative signal and background functions, and comparing the known input number of ST in a MC simulation test to the output with the same procedure. By adding all of the resulting variations in quadrature, we obtain 0.5% (in s , we have subtracted expected contribution from leptonic decays τ + ν τ (followed by τ + → e + ν eντ ). Systematic uncertainty in total branching fraction is added to the statistical uncertainty. In comparing theoretical predictions with these measurements, one must smear the theoretical predictions by boosting from the D (or D s ) rest frame to the laboratory frame. For D s , 51% of the electrons are from secondary D s from D * s , 49% are from primary D s . uncertainties in the estimation of the number of ST. The systematic uncertainty of 0.3% in tracking efficiency was estimated [20] in a detailed MC and data efficiency comparison using ψ(3770) → DD events with the cases when both D andD mesons can be fully reconstructed.
Uncertainty in FSR and bremsstrahlung effects on D semileptonic decay branching frac-tion measurement was studied in our previous measurement [10] and in high statistics exclusive D semileptonic decay modes [7] , and they are found to be well simulated in our MC program. We have assessed the uncertainty in FSR by redoing the analysis using alternative signal efficiency and input spectra with FSR turned off in the MC simulation. Including the uncertainty in bremsstrahlung simulation [7] , we assign 0.5% uncertainty due to FSR and bremsstrahlung effects on our branching fraction measurements. Uncertainties in electron identification (EID) for semileptonic decays are assessed by comparing the efficiency measured using a radiative Bhabha sample embedded in hadronic events to those in various MC simulated event samples. We assign systematic uncertainties due to EID as 0.7% for Table VII, Table VIII, and Table IX . For the unobserved decay components, we vary 100% of the size of the predicted branching fraction to assess the uncertainty. We also use alternative formfactor models to assess the additional uncertainty in the extrapolation. By adding all effects in quadrature, we assign 1.3% for D 0 → Xe + ν e , 1.4% for D + → Xe + ν e , and 1.5% for D + s → Xe + ν e as uncertainties in the extrapolation procedure.
VII. SUMMARY
Using the full sample of open-charm data collected by the CLEO-c detector, we obtain the charm and charmed-strange meson inclusive semileptonic branching fractions: In these ratios, we assume the PID and tracking uncertainties are fully correlated and all others are uncorrelated. The former ratio shows that charged and neutral charm meson semileptonic decay widths are consistent with isospin symmetry, as expected, because the two mesons differ only in the isospin of the light quark. On the other hand, the latter ratio shows that there is an indication of difference between charm and charmed-strange meson semileptonic decay widths. Assumed branching fractions are shown in the second column; normalization of each component is allowed to float within the given uncertainty. Form-factor (FF) models used to describe the shape of each spectrum are shown in the third column: single-pole (SPOLE [31] ), modified-pole (BK [31] ), ISGW2 [12] , and phase-space (PHSP). Higher resonance (and non-resonant) channels are used to match the sum of exclusive semileptonic branching fractions to the inclusive semileptonic branching fraction. The size of the expected secondary electron contribution from the leptonic decay D + → τ + ν τ is shown in the last row based on the known branching fraction of D + → µ + ν µ decay [28] scaled by the Standard Model (SM) decay rate ratio [19] 0.018 [19, 28] TABLE IX: Summary of D + s leptonic and semileptonic decays used to perform the spectrum extrapolation. Assumed branching fractions are shown in the second column; normalization of each component is allowed to float within the given uncertainty during the fit. Form-factor models used to describe the shape of each spectrum are shown in the third column. The size of the expected secondary electron contribution from the leptonic decay D + → τ + ν τ is shown in the last row based on the known branching fraction of D + s → τ + ν τ decay [29, 30] , and the shape is obtained from the evtgen [18] [19, 29, 30] 
